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ABSTRACT

Thirty-six wrought and nine cast commercial molybdenum-
containing stainless steels and nickel alloys were exposed to
filtered natural seawater at 30°C for 30 days using multiple-
crevice washers to create a crevice condition. The relative
crevice corrosion behavior of these alloys in seawater is
analyzed, and the effect of composition discussed.

ADMINISTRATIVE INFORMATION

This project was funded under the Submarine Materials Technology Block Program

sponsored by the Naval Sea Systems Command (SEA 05R15, Dr. H. H. Vanderveldt)

and satisfies Milestone RD1.3/4. The work was performed under Program Element

62761N, Task Area SF61541-591, Work Unit 1-2813-610.

INTRODUCTION

Stainless steels are used primarily for their low cost and corrosion resistance,

and have been successfully applied in a large variety of environments including

acids, freshwater, and marine environments. Unfortunately, Type 316 which is

generally considered one of the most corrosion-resistant of the common austenitic

stainless steels, has not consistantly performed well under conditions of total
1,2"

immersion in seawater. This is due to the breakdown of the passive film on the

stainless steel by the chloride ions in the seawater, which results in crevice

corrosion under low flow conditions.

Usually, materials used for marine service include painted steels or copper-

based materials such as copper-nickels or bronzes. If more corrosion resistance

was required, nickel-base materials such as nickel-coppers and alloy 625, or more

exotic materials such as titanium alloys or MP-35N, were utilized. Although

generally performing well in marine environments, the latter materials are usually

much more expensive than stainless steels. A need was recognized for less costly

materials for use in marine environments which would have greater resistance to

crevice corrosion than Type 316. Thus, a new generation of austenitic and ferritic

stainless steels was developed, usually employing molybdenum as an alloying element

to stabilize the passive film in chloride-containing media and thus reduce

susceptibility to crevice corrosion.

A complete list of references appears on page 23.
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A number of claims of marine corrosion resistance have been made for these

newer stainless steels, some of which have been supported by service experience or

laboratory data. The ferric-chloride laboratory test employing either rubber bands

or a multiple-crevice washer as the crevice former is usually used to determine

crevice corrosion performance. The primary type of test utilized for judging marine

crevice corrosion resistance should be an actual marine exposure, and such a test

utilizing a multiple-crevice washer, has been described. 34This test, when

conducted with certain restrictions, is a good method for comparing the performance

of materials in any single test run. Although every effort is made to make both the

specimen surface and the crevice washer as flat as possible, some very slight

difference of pressure may exist between crevice sites on a panel. This difference

in pressure can lead to a slight difference in crevice gap. This can result in a

*large difference in the time and degree of crevice initiation. 5'6  Minor differences

in assembly procedure can affect the crevice gaps, thus changing the number of sites

with the critical gap necessary to cause initiation. This makes the comparison of

materials from different studies difficult. It was therefore decided for this study

that the relative performance of the alloys of interest could best be judged by

exposure of all of these alloys, even though data for some of the alloys is

available in the literature.

MATERIALS

Thirty-six wrought and nine cast stainless steels and related passive alloys,

most containing molybdenum, were selected for this study. Most were selected

because of a possibility, based on composition or manufacturers claims, of the

material having a greater resistance to crevice corrosion in seawater than Type 316.

A few were selected because of an interest in compositional differences. All alloys

- 4 selected are commercially available. No experimental heats were tested. Tables 1

through 6 list the materials tested and the ladle compositions provided by the

* manufacturers. Producers of several other alloys were contacted, but materials

could not be readily obtained in plate form for tests.

2 1
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Specimens were prepared in the form of 100- x 150-mm panels with thicknesses

ranging from approximately 0.5 to 5 mm. Each of the panels had ground edges with a

stenciled identification number on the face near one edge. A 13-mm-diameter hole

was drilled in the center of each panel to allow for the attachment of the crevice

formers. All specimens were provided with a common surface finish in the area of

the crevice former by grinding a 50-mm-diameter area with wet 120-grit silicon-

carbide abrasive papers. In the case of all cast materials and several wrought

materials with extremely course as-produced finishes, machining of part or all of

the faces was required prior to final surfacing.

TABLE 1 - AUSTENITIC 6% to 16% NICKEL ALLOYS

M Alloy I ') o n hro I, "N N Other cUmon
Cr Ni teo Mn C 'S i Desgnattions

T316 17.5 10.7 2.4 1.60 0.04 0.52 0.004 0.03 P 0.28 Cu S31600

34LN 16.8 13.76 4.21 1.57 0.03 0.52 0.004 - 0.14 N -*i

T216 20. 6. 2.5 8. 0.08 1. - - 0.35 N S $21600 M-17

Rex 734 21.32 9.44 2.67 3.81 0.04 0.2A 0.005 0.30 Nb 0.42 N 0.0025 B

T317t. 18.92 12.25 3.58 1.71 0.025, 0.20 0.009 0,035 P .0.056 N - S31703 832SNR
317 U1 19.52 14.52 4.08 1.32 0.016' 0.40 0.025 0.28 Co 0.056 NO.16 Cu

317T+ 18.30 15.80 4.25 1.49 0.010 0.63 0.006 :0.16 Co - 0.16 Cu

22-13-5 21.08 13.70 2.28 I 4.81 0.045 0.47 0.025 -S20910 ,M-19. Ntronic 50

I ina I

f* I
- I I

Definitions of abbreviations used are given on page v.

3
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TABLE 2 - AUSTENITIC 17% TO 40% NICKEL ALLOYS

t Cr -...t . I Other Cor mon

Cr N i M )in ) -i S Other S N.
9041 20.5 24.7 4.7 1.4f, 0.014 0.46 o.005 1.57 Cu

4X 20.15 24.38 -4.4. 1.4" 0.014 0.57 0.001 .lop - AI-4X

700 20.70 25.20 4.45 1.6S 0.013 0.42 .018 1,.28 f) . N 2!. 0, 8700 .l,-su. 70

254 S12X 19.9 25.0 .7 1.(,. 0.011 0.45 ;.001 - 0.(12 N 1.( 7 C :iNRQ04 -

777 20.80 25.6 4.48 1.37 0.023 0.48 0.013 '0.24 Nh 0.?5 Co 2.18 Cu - .lessu; 777

254 SMO 20.0 17.9 6.1 0.40 0.013 0.1.1 0.008 - 0.203 !; 0.78 Cu -

6X 20.35 24.64 I6.45 1.39 0.nI8 0.41 0.001 - - - - A1-6X

20 Mod 21.58 25. 52 4.95 0.90 .'0.01 0.40 - - 0.!9 Co <0.05 Cu N08320 Haynes 20 Mod

20 Ch-3 19.36, 33.22 12.5 0.44 0.020 0.36 0.002 0.51 N1 - 3.19 Cu \08020 -
20 Mo 6 23.111 33.!,4 ,5.65 0.44 0.031 0.35 0.0 i - - 3.27 Cu

33--- ~.. '- 5- . 6. .1_ 0.44_ 0.3 o3 nn 3.' C
254 SFR, 2.-4 22.2 2.13 1.72 0.016 0.30 0.001 0.145 N 0.0 Cu

TABLE 3 - AUSTENITIC >40% NICKEL ALLOYS

k~~w 7_______ Other Conmmon
Composition Other I'NS No.

Alloy Cr Ni 1o C i S Designations

.4 825 . 22.02 44.03 2.74 0-.35 0.01 0.07 0.004 0.70 Ti 11.66 Cu' Bal Fe N08825 "Incoloy 825

G 22.22 46.84 5.78 1.52 0.007 0.43 - 0.28 W '2.07 Nb 1.85 Cu 1.27 Co'Bal Fe X06007 Haste]lov C

G-3 22.76 43.69 7.01 0.82 0.006 0.37 - 0.95 W 0.19 N ! 1.85 Cu 3.49 Co Ba] Fe - Hastellov G-3

625 22.29'61.02 8.48 0.1010.03 0.24 0.001 0.24 Ti 3.57 Nb+Ta - - N06625 Inconel 625

C-2761 15.51!54.72 15.49 0.46 0.003 0.04 - 3.82 W I - 0.11 Cu 1.89 Co N10276 Htastellov C-276

4



I
TABLE 4 - DUPLEX AUSTENITIC-FERRITIC ALLOYS

A~lloy C osti on ]tet S)Other Common

H Cr Ni Mo Mn C. S ._ I " _ s Designations

T329 26.98 4.22 1.39 0.28 0.052 0.39 0.014 - 0.09 Cu 1;32900 Carpenter 7-%,
441N 25.0 5.9 1.46 1.75 0.028 0.53 0.003 - 0.19, ,.12Cu - -

Ferralium; 26.15 5.64I 3.2010.771 0.02 0.371 - I0.16 Co 0.19 N 1.75 Cu I -

TABLE 5 - FERRITIC ALLOYS

Composition (wt 7) Other Common
Alloy Cr Ni Mo I Mn C Si tr tS No. Desgnation.

T439 17.66 0.31 0.03 0.26 0.047 0.70 0.o101 1.58 Al - 0..40 Ti - S43035 18-SR

T444 18.92 0.07 1.99 0.43 0.020 0.56 0.004 0.020 P 0.012 N n.13 Ti 0.39 \b S44400 17-2

26-1 25.9 0.13 1.00 0.10 0.002 0.2Q 0.015 0.010 P 0.006 N - 0.10 Nb S44627 .1-27, E-Brite 26-1

26-1S 25.05 0.15 0.96 0.17 n. o54 0.16 0.(11 1.015 P 0.00' N 1.06 Ti - S44626 .X,-33

29-4 29.6 0.07 4.0,, . 0.1 0 0.003 0 O.ll .n] 3 P 0.012 N - - S44700

29-4C 28.85 0.79 3.81 0.22 0.01? 0.19 0.002 - n.026 N 0.59 Ti - -

29-4-2 29.5 2.20 3.q 0.30 0.002 1).10 .010 0.010 P 0.013 N - - '4800

SC-1 25.56 2.14 2.94 0.20 0.01 0.25 0.004 0.04 Al n.016 N 0.51 Ti - S,-4660 Sea(ur,

Monit 25.3 4.1 3.8 0.13 0.012 o.31 0.04I 0.37 Cu - S4.635

TABLE 6 - CAST ALLOYS

Allo Composition (wt, Other tNS No. Oter Common

Cr Ni Mo In C Si , S _ _Designations

CA6N 12.44 8.0 - 'O.18 0.02 0.64 0.013 0.010 P -

CF8I 119.30 10.05, 2.36 0.95!0.00. '.79 0.019 '.192900 Cast T316, SCO 33

IN 862 20.92 24.46, 5.00 0.4710.03 0.52,0.0n9 0.007 P! - _
CNM 93 2 029 1.0.0513.

CN7S 19.37 22.100 291 0 0 .010 0.006 P'1.S5 Cu'.194650 Worthite

CN7M 20.01 28.18 2.51 0.1810.04'0.76 0.025 0.007 P'3.12 Cu1 195150 !Alloy 20. ISA 20

625 20.58 63.7 8.53 0.0210.02 0.01 0.011 0.006 P 3.48 Nb' - -

CW 12M-2 18.10 62.8 17.58 0.5410.O1 0.56 0.007 0.010 P 0.08 Cu - Illium W-2, Chlorimet 3

Illim P1 24.55 5.39 1.97 0.860.04 0.8O 0.016 0.004 P 5.74 Co -

Ferralium !25.2 5.2 2.5 l. - 1.10 - - 3.2 Cu -

*Nominal

-*.,



EXPERIMENTAL PROCEDURE

Specimens were first degreased in acetone, then pumice-scrubbed with a bristle

brush, rinsed with water, rinsed with fresh acetone, and finally dried. Crevice

formers consisting of grooved Delrin washers were then secured to both sides of each

test panel with an insulated titanium fastener. Each washer had 20 plateaus in

contact with the plate and each had been previously ground to a 600-grit finish

using silicon-carbide paper before assembly. A torque wrench was used to supply a

torque of 8.5 N-m to the bolts, and lack of electrical continuity between the bolt

*and the panel was verified with an ohmeter. The final assembly had a boldly exposed-

* Isurface/shielded-surface area ratio of 150:1.

The completed assembly, as illustrated in Figure 1, was then mounted on a

plastic rack using the titanium fastener to avoid creation of additional crevices,

and the racks placed in the seawater test apparatus.

All materials were tested in triplicate. Exposure duration was 30 days. All

wrought materials were exposed simultaneously in the same run, and all cast

materials were exposed simultaneously in a second run. To minimize run-to-run

variations, panels for both runs were exposed using the same apparatus and proce-

dures, within 4 months of each other. Precautions were taken to minimize the

variability between the wrought and the cast material runs.

Specimens were inspected during the course of the test for visual signs of

accumulated corrosion product. Observations were made without disturbing or

removing the specimens from the seawater. Inspections were conducted on an almost

daily basis with an increased frequency during the first week of exposure. The

observations provided some indication of approximate times to initiation of crevice

corrosion; however, the actual times to initiation could differ from those determined

during the routine inspection, since some finite amount of corrosion might have

occurred prior to the buildup of corrosion products.

Upon completion of the scheduled test period and removal of the crevice

assemblies, specimens were immersed in cold 30% HNO3 for 15 minutes, rinsed, and

brushed with a pumice-detergent mixture to remove any corrosion products and

staining.

Depths of attack at individual crevice sites were measured with a needle-point

dial gage to the nearest 0.01 mm. The values reported herein reflect the deepest

areas of attack as determined by this method. In several instances, perforations

6



resulting from attack on opposite sides of the specimens were noted. In this case,

the depth of attack is considered to be one-half of the material thickness.

j Tests were conducted in a controlled temperature (300C) seawater trough

equipped with facilities for recirculation and refreshment. Two interconnected,

400-1. capacity troughs were utilized for these and concurrent tests. Figure 2 shows

a sketch of the apparatus and relative positioning of the crevice specimens. The

nominal velocity through the test section was 0.02 rn/sec. Fresh, filtered seawater

was introduced at a rate which provided approximately six to seven complete changes

EXPOSURE RESULTS

AUSTENITIC WITH 6% TO 16% NICKEL

Exposure results for austenitic alloys containing 6% to 16% nickel are

presented in the top of Table 7. All alloys suffered attack on at least one crevice

site on all sides of the triplicate panels. Three materials, 34U'N, 317114, and

22-13-5 showed at least 12 sites attacked per side; whereas, the other alloys had

at least one side with fewer than eight sites attacked. The variability in the

number of sites attacked was too large to make clear distinctions in material

behavior, however. For alloys with less than 2% manganese, low molybdenum and nickel

concentrations corresponded with higher maximum depths of attack, although this

correspondence is not clear cut. Any other effects on crevice corrosion of nickel

additions from 6% to 16%, of manganese additions up to 8%, or of chromium additions

from 12% to 21% were not statistically significant. Ranges of initiation times

were generally small, with most sites on these materials initiating in approximately

50 to 100 hr (2 to 4 days). The number of sites attacked and the initiation time

were not influenced by molybdenum additions up to 4.25%. Several specimens

experienced gravity-related attack, as illustrated in Figure 3. Gravity-related

attack initiates either at crevice sites or panel edges and always proceeds by

tunneling downward. This attack may be due to an effect of corrosion products lying

on the bottom of the attacked area, creating an additional crevice site. Type 317L

experienced tunneling initiating at the crevice sites and proceeding downward.

7



TABLE 7 - CREVICE CORROSION RESULTS FOR AUSTENITIC ALLOYS

Approximate Composition No. of No. of

Material (wt %) Sites Attacked Sides Depth of Initiation
Cr Ni Mo Mn Cu Per Side Total Attacked Attack (mm) Time (hr)

T316 17.5 10.7 2.4 1.6 0.3 1-13 33 6 0.29-1.93 24-102

34 LN 16.8 13.8 4.2 1.6 - 12-20 102 6 0.10-1.04 36-102

T216 :20. 6. 2.5 8. - 7-10 50 6 0.10-0.64 51-77

Rex 734 21.3 9.4 2.7 3.8 - 2-9 39 6 0.01-1.00 51

T317L 18.9 12.2 3.6 1.7 - 7-20 91 6 0.18-1.92 51-77

31712 19.5 14.5 4.1 1.3 0.2 19-20 116 6 0.01-1.07 51-77

317L+ 18.3 15.8 4.2 1.5 0.2 1-12 44 6 0.18-1.09 51-479

22-13-5 21.1 13.7 2.3 4.8 - 16-20 112 6 0.10-1.10 36-77

904L 20.5 24.7 4.7 1.5 1.6 0-13 36 5 0.14-0.74 51-365

4X 20.2 24.4 4.4 1.4 - 0-4 8 4 0.14-0.50 77-245

700 20.7 25.2 4.4 1.6 0.2 0-20 47 5 0.08-2.00 51-171

254 SLX 19.9 25.0 4.7 1.6 1.7 7-15 70 6 0.08-0.92 51-77

777 20.8 25.6 4.5 1.4 2.2 8-12 60 6 0.03-2.90 36-77

254 SMO 20.0 17.9 6.1 0.5 0.8 0-7 18 5 0.02-0.51 51-479

6X 20.4 24.6 6.4 1.4 - 0-3 11 4 0.01-0.62 51-365

20 Mod 21.6 r 25.5 5.0 0.9 - 0-5 6 2 0.12-0.46 51-365

20 Cb-3 19.4 33.2 2.2 0.4 3.2 0-15 49 5 0.14-3.10 51-171

20 Mo-6 23.9 i 33.4 5.6 0.4 3.3 0-6 13 3 <0.01-0.53 365-507

254 SFER 29.4 22.2 2.1 1.7 0.1 0-3 11 5 0.34-0.90 102-221

825 !22.0 44.0 2.7 0.4 1.7 4-13 37 6 0.25-2.42 51-221

G ;22.2 46.8 5.8 1.5 1.8 0-2 6 4 0.02-0.87 365-673±

G-3 122.8 43.7 7.0 0.8 )1.8 0-2 2 1 0.06-0.21 102

.4625 '22.3 61.0 8.5 0.'1 j- 00 0

C-276 15.51 54.7 15.5 0.5 0.1 0 0 0

**Specimen perforated.
***Gravlty-assisted tunneling.

tSome attack initiating outside of crevice 
area.

Initiation not observed on some panels where attack occurred.

8 ti



AUSTENITIC WITH 17% to 40% NICKEL

Exposure results for the austenitic alloys containing 17% to 40% nickel are

presented in the middle of Table 7. These alloys tended to experience a wider range

in the number of sites attacked, depth of attack, and initiation time than the lower

nickel alloys. In addition, for all of the materials except 254SLX and 777, at

least one side of one panel was unattacked. Materials 254SLX and 777 had the largest

total number of sites attacked and were the only materials in this group experiencing

attack on all six specimen sides. Although not totally conclusive, there was a trend

for materials highest in molybdenum to have the lowest depths of attack, while those

low in molybdenum had the greatest depths of attack. This could be due to a longer

initiation time in the higher molybdenum alloys resulting in a shorter time avail-

able for propagation. The amount of other elements in the alloy - chromium, nickel,

manganese, and copper - had a statistically insignificant effect on the crevice

corrosion behavior of the materials.

AUSTENITIC WITH >40% NICKEL

Exposure results for the nickel-base materials, those with greater than 40%

nickel, are presented in the bottom of Table 7. Behavior of these materials was a

strong function of molybdenum content. Alloy 825 behaved similarly to the lower

nickel materials of similar molybdenum concentration and even experienced gravity-

related tunneling attack. The performance of the alloys improved with increasing

molybdenum content. Alloys with greater than 8% molybdenum were unattacked in

this exposure. Any effects of varying compositions of chromium, nickel, or

manganese were completely overridden by the molybdenum effect.

DUPLEX AUSTENITIC-FERRITIC

Exposure results for the duplex alloys with 4% to 6% nickel and consisting of

a microstructure containing both austenite and ferrite are presented in the top of

Table 8. Once again, data variability is quite high but, even so, the beneficial

effect of molybdenum is still quite obvious, while the effect of the other elements

is insignificant by comparison.

9



TABLE 8 - CREVICE CORROSION RESULTS FOR DUPLEX AND FERRITIC ALLOYS

Approximate Composition No. of No. of(wt ) Sites Attacked Sites Dehof ntain

Material N.(tSieAtakd ies Attack (mm) Time (hr)Cr Ni Mo Mn Cu Per Side Total Attacked
T22704.2 1. 2 5-0

T329 27.04 0.3 0.1 9-15 73 6 0.02-1.29 51-102

44LN 25.0 5.9 1.5 1.8 0.1 14-20 104 6 0.04-3.35 36-51

Ferralium 26.2 5.6 3.2 0.8 1.8 0-1 2 2 0.03-0.08 36 5T

T439 17.7 0.3 - 0.3 - 1-17 58 6 0.42-0.72 24-77

T444 18.9 0.1 2.0 0.4 - 6-12 54 6 0.33-1.21 51-245

26-1 25.9 0.1 1.0! - 0-5 10 4 0.15-0.46 51-107

26-IS 25.0 0.2 1.0 0.2 0-2 6 4 0.06-0.30 171-553

29-4 29.6 0.1 4.0 - - 0 0 0 - -

29-4C 28.8 0.8 3.8 0.2 - 0 0 0

29-4-2 29.5 2.2 4.0 - - 0 0 0 -

SC-I 25.6 2.1 2.9 0.2 - 0-1 1 1 0.05

Monit 25.3 4.1 3.8 0.4 0.41 0 0 0

**Specimen perforated.Gravitv-assisted tunneling; some attack initiating outside of crevice area.
Initiation not observed on some panels where attack occurred.

FERRITIC

Exposure results for the ferritic alloys containing less than 2.5% nickel are

* presented in the bottom of Table 8. Once again the molybdenum effect is dramatic.

Type 439 with no molybdenum experienced such extensive gravity-related tunneling

that one panel was nearly divided in half. Chromium levels of 25% were necessary for

the beneficial effect of 1% to 2% molybdenum to be seen. The molybdenum level

necessary to completely prevent attack in these alloys appears, within the limits

of the data variability, to be around 3.5%. SC-1 with 2.9% molybdenum experienced

attack on only one site, while the 3.8% to 4.0% molybdenum alloys experienced no

attack. Thus going from an austenitic to a totally ferritic structure reduced the

molybdenum required to prevent attack from about 8% to around 3.5%.
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CAST ALLOYSI Exposure results for the cast alloys are presented in Table 9. Molybdenum had

a beneficial effect on both the number of sites attacked and on the depths of attack.

Cast Ferralium performed significantly worse than its wrought counterpart, although

this could be due to the nearly 1% lower molybdenum content in the casting.

CA6N, CN7MS, and CN7M all experienced a consistantly large number of sites attacked

on all sides, Alloy 625 and CW 12M-2 with more than 8% molybdenum experienced no

:ttack, and the remainder of the materials displayed a large variability in the

number of sites attacked. Although initiation was not detected in many cases, the

observed initiation times of most sites on these materials ranged from approximately

125 to 175 hr (5 to 7 days).

TABLE 9 - CREVICE CORROSION RESULTS FOR CAST ALLOYS

Approximate Composition No. of No. of Depth of Initiation

wMaterial (Wt %) _ Sites Attacked Sites Atth om Timea(hr)Cr Ni Mo Mn ICu Per Side Total Attacked Attack (nun) Time (hr)

CA6N 12.4 8.0 - 0.2 - 15-20 i1l 6"'** 0.01-2.00 126-169

CF8M 19,3 10.0 2.4 1.0 - 4-17 74 6 0.16-3.77 126+

IN-862 20.9 24.5 5.0 0.5 - I 1-16 52 6 0.12-1.22 126-217

CN7MS 19.4 22.1 2.9 1.0 1.6 14-20 102 6 0.08-3.82 126

CN7M 20.0 28.2 2.5 0.2 3.1 13-18 99 6** *  0.15-2.33 126±
625 20.6163.7 8.5 - - 0 0 0 - -

CW 12M-2 18.1 62.8 17.6 0.5 0.1 0 0 0 - -

illium PD 24.6 5.4 2.0 0.9 - 3-20 73 6 0.08-4.53 48-126±

Ferralium 25.2 5.2 2.5 1.0 3.2 0-14 37 4 0.03-2.21 126-169
2 4 **

***Gravity-assisted tunneling.
+Some attack initiating outside of crevice area.
Initiation not observed on some panels where attack occurred.
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COMPARISON WITH PREVIOUS STUDIES

These results are in general agreement with a number of more limited

studies4 ,5 ,7- 19 with a few minor exceptions. The severity of attack was generally

greater in this study than in the previous work. This investigation employed

surf3ce-grinding of the specimen faces, plastic crevice washers torqued to relatively

high levels of 8.5 N-m, a very unfavorable crevice/bold area ratio, and controlled-

temperature, filtered, natural seawater. Many previous investigations employed as-

produced surfaces, lower or undefined torque levels, ambient temperature seawater,

or artificial seawater in their studies. In some cases, biofouling may have

covered portions of the boldly exposed surfaces. Some of these conditions could

lead to less aggressive attack than in the present study.5'9 For example, 254SM0
20

and 6X both experienced light attack in this study and one similar study, even

though many previous investigators have been unable to initiate attack on these

materials for periods of up to 2 years. 7- 1 Also, both initiation and propagation

*I rates of the austenitic alloys with 6% to 16% nickel tends to be worse than that

previously reported in some instances. This only confirms the necessity for the

testing of all alloys under consistant conditions in order to be able to make

viable performance comparisons.

EFFECTS OF ALLOYING ADDITIONS

The beneficial effect of molybdenum, and to a lesser extent chromium, on

crevice corrosion resistance has been documented. 8- 10 ,2 1- 24 The beneficial effect

of molybdenum was also apparent in this study, with complete freedom from attack

being experienced by austenitic alloys with 8% molybdenum and ferritic alloys with

about 3.5% molybdenum. This is similar to the results of other investigators who

determined these values to be 6% for austenitics and 3% for the ferritics.8 ,9 As

noted in other investigations,8 ,9 ferritic alloys with less than 25% chromium did

not, in this study, experience the beneficial effects of 1% to 2% molybdenum.

Otherwise the effect of chromium on crevice corrosion behavior was insignificant

compared to the data scatter. Nickel content also had little effect on the crevice

corrosion performance except as related to change in structure. Other alloying

elements also had statistically insignificant effects on crevice corrosion behavior

in this study.
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RELATIVE PERFORMANICE OF ALLOYS

Data variability in this study is large, therefore a detailed ranking of

materials is not possible. Materials can be placed in groups, however, as long as

it is recognized that the test variability could lead to an occasional material

being placed in the wrong group. Table 10 presents such a grouping, based on the

minimum number of sites attacked per side. It is recognized that in some applica-

tions the depth of attack may be the more important consideration, and this would

affect the grouping. This grouping is not meant to suggest that all materials

within a group will behave similarly in service, only that their behavior could not

be separated with any confidence in this study. For example, it is likely that the

extra 2% molybdenum in 6X compared to the 4X material will enable the 6X to perform

satisfactorily over a larger range of crevice geometries than 4X. The placement of

these alloys in the sane group indicates only that for the particular crevice geometry

in this study, the behavior of the two alloys was similar.

The data presented in this study cannot be extrapolated to service applications

unless the differences in crevice geometry and environment between the service

application and this study can be proven to be minimal. Even the relative performance

of the materials can change as these factors are varied.

INTERPRETATION AND USE OF RESULTS

The variability in both the number of sites attacked and the depth of attack on

any one material is likely due to the difficulty in obtaining a reproducible crevice

geometry, and in particular, crevice gap. Kain 5has suggested that extremely small

variations in crevice gap can greatly affect the agressiveness of the solution

formed in the crevice which leads to passive film breakdown. A "loose"~ crevice with

a large gap, as might be found in a metal-to-metal contact situation on rough

surfaces, may give rise to an extremely nonaggressive crevice solution which will

-'4 not cause initiation of crevice corrosion even on materials which performed poorly

in this study. Thus, it is noted that many of the materials which were attacked in

this study have performed adequately in service for many years. 1'2 ,25  Similarly, a

"1tight" crevice with a small gap, such as the highly torqued plastic-to-metal, ground-

surface crevice used in this study, can lead rapidly to an extremely aggressive

crevice solution which will cause initiation on even highly resistant materials. For

this reason, this multiple-crevice assembly exposure is considered as a highly severe

crevice corrosion test, and materials should not be ruled out in a service application

strictly because they experienced attack in this study.

13



TABLE 10 - RELATIVE PERFORMANCE OF ALLOYS IN MULTIPLE-CREVICE TEST

No Attack Minimal Attack Variable Attack Heavy Attack

(0 sites/side) (0 to 7 sites/side) (0 to 20 sites/side) (at least 12 sites/sde,
minimum)

625 4X T316 34LN

C-276 734 SMO T216 317LM

29-4 20 Mod Rex 734 22-13-5

29-4C 20 Mo-6 T317L 44LN

29-4-2 234 SFER 317L+ CA6N Cast

Monit G 904L CN7MS Cast

625 G-3 700 CN7M Cast

CW 12M-2 Cast Ferralium 254 SLX

26-IS 777

SC-I 20 Cb-3

825

T329

T439

T444

CF 8M Cast

IN-862 Cast

Illium PD Cast

Ferralium Cast

14
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Since the crevice severity in any service environment cannot be easily

quantified, alloy selection must be based on service experience with comparable

types of crevices. Generally, if a material performs well in service, any material

performing better in this study is likely to also perform well in the same

service application. Similarly, a material performing poorly in service should

not be replaced with one performing even worse in this study. In a borderline

situation, where the service performance of a material is marginal, the use of a

material performing significantly better in this study may lead to satisfactory

service performance.

Caution should be applied when judging the relative performance of materials

from this study. The multiple-crevice assembly may have a range of crevice gaps
5,6

which would account for the large amount of data scatter. Small differences in

* performance are therefore not significant. For example, 254 SMO had 18 total sites

attacked with up to seven sites attacked on a single side of a panel, while 6X had

only 11 total sites attacked with only up to three sites on a panel side. Yet other

investigators have been unable to get crevice attack on either material, 7 ,11, 18 and

both perform equivalently well in service. Thus, small differences in behavior seen

in this study are mainly a result of statistical variability in the data.

CONCLUSIONS

There presently exist a number of commercially available austenitic and

ferritic stainless steel alloys which are more resistant to crevice corrosion in

seawater than Type 316. Several of these alloys displayed resistances to crevice

corrosion in this study equivalent to the highly resistant and more costly nickel-

base alloys.

The austenitic alloys studied required 8% molybdenum to prevent crevice

corrosion in these exposures, while the ferritic alloys required 25% chromium and

about 3.5% molybdenum to prevent localized attack. The effect of other alloying

elements on localized corrosion in this study was insignificant compared to the

data scatter.

The behavior of the alloys has been grouped as follows: no attack, minimal

attack, variable attack and heavy attack. Caution must be observed, however, in

using this grouping to predict service performance.

15
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Figure 1 - Multiple Crevice Assembly
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